In theories with large extra dimensions, we study the top spin correlations at the Large Hadron Collider. The s-channel process mediated by graviton Kaluza-Klein modes contributes to the top-antitop pair production in addition to the Standard Model processes, and affects the resultant top spin correlations. We calculated the full density matrix for the top-antitop pair production. With the fundamental scale of the extra dimensional theory below 2 TeV, we find a sizable deviation of the top spin correlations from the Standard Model one.
Introduction
There are thus significant angular correlations among the top quark spin axis and the direction of motion of the decay products.
For the hadronic top-antitop pair production process through the quantum chromodynamics (QCD) interaction, the spin correlations have been extensively studied [8, 9, 10] . It is found that there is a spin asymmetry between the produced top-antitop pairs, namely, the number of produced top-antitop quark pairs with both spin up or spin down is different from the number of pairs with the opposite spin combinations. If the top quark is coupled to a new physics beyond the SM, the top-antitop spin correlations could be altered. Therefore, the top-antitop correlations are useful information to test the SM and also a possible new physics at hadron colliders. Note that the Large Hadron Collider (LHC) has a big advantage to study them, since it will produce almost 10 millions top quarks per year.
In the ADD model, there exists a new top-antitop pair production process through the virtual KK graviton exchange in the s-channel. The effect of the virtual KK graviton exchange process has been studied for the total cross section of the top-antitop pair production process at hadron collider [11] and for polarized amplitudes at e + e − and γγ colliders [12, 13] . The purpose of this paper is to examine the effect of the virtual KK graviton exchange process on the spin correlation of the top-antitop pairs produced at the LHC. With the fundamental scale of the ADD model below 2 TeV, we find a sizable deviation of the spin asymmetry of produced top-antitop quark pairs from the SM one. Furthermore, since, in practice, information of the spins of the produced top-antitop quarks are measured through the angular correlations among the top spin axis and the direction of motion of the decay products of the top quark, we study them also.
This paper is organized as follows. In Sec. 2, we briefly review the top spin correlations. In
Sec. 3, we examine the invariant amplitudes for the polarized top-antitop quark pair production processes,→ tt and gg → tt, including the process mediated by the virtual KK gravitons in the s-channel. We perform numerical analysis in Sec. 4. Sec. 5 is devoted to conclusions.
In Appendix, full representation of the density matrix (squared invariant amplitude) for the top-antitop pair production is given.
Spin correlation
At hadron collider, the top-antitop quark pair is produced through the processes of quarkantiquark pair annihilation and gluon fusion:
The former is the dominant process at the Tevatron, while the latter is dominant at the LHC.
The produced top-antitop pairs decay before hadronization takes place. The main decay modes in the SM involve leptonic and hadronic modes:
where l = e, µ, τ . The differential decay rates to a decay product f = b, l + , ν l , etc. in the top quark rest frame can be parameterized as
where Γ is the partial decay width of the respective decay channel, θ f is the angle between the chosen top spin axis and the direction of motion of the decay product f , and the coefficient κ f is the top-spin analyzing power of a particle f . The SM values of κ f at tree level have been computed [14] , for instance, in the semi-leptonic decay, κ l + = +1 for the charged lepton, κ b = −0.41 for the b-quark and κ ν l = −0.31 for the ν l , respectively. In hadronic decay modes, the role of the charged lepton is replaced by the d or s quark.
The total matrix element squared for the top-antitop pair production (2.1) and their decay channels (2.2) is given by
Here the subscripts denote the top and antitop spin indices, and R i denotes the density matrix corresponding to the production of the on-shell top-antitop quark pair through the process i in (2.1):
where M(i → t αtβ ) is the amplitude for the top-antitop pair production. The matrices ρ and ρ are the density matrices corresponding to the decays of polarized top and antitop quarks into some final states at the top and antitop rest frame, respectively. In the leptonic decay modes, the matrices ρ, which leads to (2.3), can be obtained as (see, for instance, [15] ) 6) where q f is the unit vector of the direction of motion of the decay product f . The density matrix for the polarized antitop quark is obtained by replacing κ f → −κ f in (2.6).
It is clear that the best way to analyze the top-antitop spin correlations is to see the angular correlations of two charged leptons l + l − produced by the top-antitop quark leptonic decays. In the following, we consider only the leptonic decay channels. Using (2.4)-(2.6) and integrating over the azimuthal angles of the charged leptons, we obtain the following double distribution
with κ l + = κ l − = 1. Here σ denotes the cross section for the process of the leptonic decay modes, and θ l + (θ l − ) denotes the angle between the top (antitop) spin axis and the direction of motion of the antilepton (lepton) in the top (antitop) rest frame. The coefficient A denotes the spin asymmetry between the produced top-antitop pairs with like and unlike spin pairs defined as 8) where σ(t αtα ) is the cross section of the top-antitop pair production at parton level with denoted spin indices.
In the SM, at the lowest order of α s , the spin asymmetry is found to be A = +0.302 for the LHC. 1 Since in the ADD model there is a new contribution to the top-antitop pair production process (2.1) through the virtual KK graviton exchange in the s-channel, the spin asymmetry (2.8) can be altered from the SM one. In the next section, we calculate the squared amplitudes for the top-antitop pair production including the virtual KK graviton mediated process.
Scattering Amplitude
In the 4-dimensional effective theory of the ADD model, the interaction Lagrangian between the n-th KK mode of graviton G ( n) and the SM fields is given by
where
is the reduced 4-dimensional Planck scale, and T µν is energy momentum tensor of the SM fields. Thus, there exists the top-antitop pair production process λ(
(where λ denotes quark or gluon) through the virtual KK graviton exchange in the s-channel. In the 4-dimensional effective theory with energies smaller than the 4+n dimensional Planck scale M D , the amplitude for the KK graviton exchange process would be described as [3] 
All the ambiguity such as the number of extra dimensions and the regularization procedure for the contributions from the infinite number of KK gravitons are encoded by an order one parameter λ. Hereafter we use the effective scattering amplitude (3.2) for the top-antitop pair production process and consider the two cases λ = ±1. Using (3.2), the amplitudes of the top-antitop pair production process through the virtual KK graviton exchanges can be explicitly described as (color and flavor indices are suppressed) In the center of mass frame, one can straightforwardly calculate the density matrix R i αβ,α ′ β ′ including both the SM (QCD) and the virtual KK graviton contributions. In the following, we
give the diagonal parts of the density matrix which are relevant for the estimation of (2.7) and (2.8). Full representation of the density matrix is given in Appendix. In our calculation, we have chosen the helicity spin basis useful for the energy range at the LHC, while the off-diagonal basis is suitable for Tevatron [17] . The results are in the following. For the process→ tt, we find
where θ is the scattering angle between the incoming q and outgoing t, g s is the QCD coupling constant, β = 1 − 4m 2 t /s, and m t is top quark mass. For the gg initial state, we obtain
Here Y(β, θ, s) and Z(β, θ, s) are defined by
respectively. Note that there is no interference between the SM diagram and the virtual KK graviton exchange diagram in theinitiated process, while there is the non-vanishing interference in the gg initiated process.
With the squared amplitudes in (3.5), (3.6), (3.7) and (3.8), the integrated top-antitop quark pair production cross section can be obtained by using the formula
where f a is the parton distribution function for a parton a, E CM S is a center-of-mass energy of a proton, and Q is the virtual momentum transfer.
As can be seen from the formulas of the squared amplitudes, the cross sections through the virtual KK graviton exchange process grow according to a power of the collider center-of-mass energy, and thus the unitarity will be violated at high energies. 2 This behavior is shown in Fig. 1 , where the total cross sections of the top-antitop pair production through→ tt and gg → tt at the parton level, respectively, are depicted as a function of parton center-of-mass energy √ s (or, equivalently, invariant mass of the produced top-antitop pair M tt ). We can see that the cross section of the ADD model grows rapidly with √ s, while the SM cross section decreases. As mentioned above, we (should) use the formula of (3.2) at energies lower than M D . Therefore, in order to make our analysis conservative, we take into account the contributions from the virtual KK graviton exchange processes only for the center-of-mass energy of colliding partons lower
Numerical Results
Here analysis is conservative. In Fig. 3 , we show the breakdown of the total cross section into the like (t ↑t↑ + t ↓t↓ ) and the unlike top-antitop (t ↑t↓ + t ↓t↑ ) spin pairs in the ADD model besides the total cross section of the SM and the ADD model results. For the scale M D below 2 TeV, we can see sizable deviations from the SM one.
Differential cross section for the top-antitop pair production given by
is shown in Fig. 4 with the scale M D = 1 TeV and E CM S = 14 TeV. In λ = 1 case, we can see the large deviation from the SM cross section at large scattering angles. On the other hand, the deviation for the SM cross section is small in λ = −1 case. This is because a cancellation occurs between the interference term among the SM and the KK graviton mediated processes and the purely KK graviton mediated process.
We are also interested in the dependence of the cross section on the center-of-mass energy of parton system √ s = M tt , which is given by Let us show the results for the spin asymmetry A. In Fig. 6 , the spin asymmetry as a function of the scale M D is depicted. We can see sizable deviations from the SM one at the scale below ∼ 2 TeV. For the→ tt and the gg → tt channels, the spin asymmetries as a function of the scale M D are depicted in Fig. 7 . Note that for the→ tt channel the cross section is independent of the sign of λ (see (3.5) and (3.6)). As can be seen in Fig. 6 , the total spin asymmetries is dominated by the gluon fusion since the gluon fusion is the dominant process for the top-antitop quark pair production at the LHC.
As an analogy to Fig. 4 and Fig. 5 , the spin asymmetries as functions of the scattering angle ( Fig. 8) and √ s (Fig. 9 ) are also shown for M D = 1 TeV. We can see the similar behaviors of the deviations to that in Fig. 4 and Fig. 5 . 
Conclusion
In theories with large extra dimensions, we have studied the production of top-antitop pairs In this appendix, we give the full representation of the density matrix for the top antitop pair production in the ADD model. For the→ tt process, we find 4) and, for the gg → tt process, 9) where the functions Y(β, cos θ) and Z(β, θ, s) are defined in (3.9). 
